• It is sometimes desired to know rates at which substances move across capillary walls from blood to interstitial fluid. It is rarely possible to determine these rates by direct observation, for example by measuring' appearance of the test substance in interstitial fluid. A close approach to this are observations by Pappenheimer, Renkin and Borrero 1 on the osmotic transients in isolated hind limb of the cat. More commonly the estimate is made by some sort of analysis of the concentration of test substance in blood flowing from the part of the vascular bed under study. Perhaps the largest body of such data is that of Chinard and Enns and their colleagues, much of which is summarized in reference 2. There is, however, need for examination of how such data can be translated to reveal quantitatively the history of the test substance as it coursed from entrance to exit of the system. What fraction of it, for example, crossed capillary walls and returned? This is not to say that answers to such questions have not been offered, sometimes with high probability of correctness.
One approach to the problem, which we will reject, might be to analyze the system as though it were constructed of a number of connecting compartments, each well-stirred.
(For a clear exposition of this sort of approach see the chapter by Robertson. 3 ) The explicit solution of this model is a sum of exponential terms. Although it is, of course, possible to mimic an indicator dilution curve by any number of expressions, including sums of exponentials, such equations are exercises in curve-fitting aud there is no reason to assign anatomical identification to every or any exponential term.
Fortunately, it is possible to analyze the system formally in a very general way without commitment to the model demanded by compartmental analysis. A very elegant approach is given by Stephenson, 4 -5 but his solutions require either data that are rarely available or, in their stead, some formal assumptions such as those made in compartmental models.
The analysis that we shall follow is an extension of the approach first used with Meier 6 to develop the theory of indicator-dilution methods for measurement of blood flow and volume. We review this treatment briefly to lay the basis for application of indicator-dilution methods to measure transcapillary movement.
To calculate flow through and volume of the system it is not necessary to make any assumptions about the mathematical model underlying the indicator dilution curve. When an indicator is injected rapidly as a single small bolus into some part of the vascular system it does not emerge all at once. There is delay before any of it appears and its appearance is spread out in time. The indicator
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dilution curve is a measure of the frequency function or the density function of transit times through the system. Thus, q h(t) dt = P c(t) dt, (1) that is, the amount of indicator (where q is quantity injected) leaving the system between time t and t + dt is the product of F dt, the volume of traced material flowing through the system, and the concentration of indicator, c(t), at exit. It is also the amount introduced, q, multiplied by the fraction of it leaving the system between time t and t + dt, h(t) dt. h(t) is the frequency function of transit time. Since Jo°° h(t) dt=1,
(2) The volume, V, of the system is measured as follows:
Consider the path taken by a single tracer particle from entrance to exit and the velocity with which it travels. The ratio, path length to mean velocity, is the transit time of the particle through the system. Imagine that the path taken by a tracer particle describes a tube arising at the entrance to the system and continuing, no matter how intricately or simply, to the exit from the system. Collect all such tubes through which transit times are identical. (They will not necessarily all have the same length.) This collection of tubes of identical transit times is an element of volume, dV.
The fraction of the total outflow from the system that required time between t and t + dt to traverse the system is P h(t) dt. This fraction is the outflow from the volume element, dV. But the volume element is filled from entrance to exit with particles all characterized by the facts that their transit times are between t and t + dt and that when they leave the system they will contribute a flow V h(t) dt to the total outflow. Therefore, dV = t P h(t) dt. where t is the mean transit time through the system. Thus, if h(t) can be determined, flow through and volume of a system can be calculated. Equation 1 states how to calculate h(t) from the observed indicator dilution curve. Assumptions on which equations 1 to 4 rest have been discussed elsewhere. 6 Although the treatment given above was designed particularly for use with data obtained from injection of indicators confined to blood plasma, none of the assumptions place this restriction on the indicator. The indicator may leave the vascular bed and return to it. Plow and volume can still be measured.
Several questions arise: What flow and what volume are measured? Can the rate of tracer movement out of (and back into) the vascular system be measured?
MEASUREMENT OF FLOW AND VOLUME
Consider a tracer that moves across capillary walls into interstitial fluid and eventually back into the vascular bed. It is confined to extracellular space, either vascular or interstitial.
Equation 1 applies. The flow measured must be the vascular outflow, since we specified that all tracer returns to the vascular bed. Blood flow is therefore calculated from equation 2.
There is nothing in the definition of the volume element, dV, that restricts dV to the vascular bed. Extend the concept of imaginary tubes to permit an appropriate number of them to wind from vascular entrance to exit by way of a detour through interstitial space. The detour begins at a site on the inner (blood) side of capillary Avails and returns to a similar site. The volume measured is therefore extracellular volume, VB = T + Yi } where V is plasma volume and Vi is interstitial volume. Mean transit time through the system is V./F.
This result is independent of the degree of permeability of capillaries to the tracer. Whether a large or small fraction of tracer enters interstitial fluid, as long as some tracer moves back and forth across capillary walls, the same volume, V E , is determined, and all 466 such tracers have the same mean transit time through the system even though their frequency functions of transit times may look quite different. This niay be appreciated, at least intuitively, by examining figure 1. Let h(t) .be the frequency function of transit times for the tracer that is distributed through V E and y(t) be that of the tracer confined to plasma volume, V. If the capillary wall is quite permeable with respect to the former tracer, h(t) will rise a good deal more slowly than y(t). If the capillary wall is almost impermeable to the tracer, h(t) will rise almost as rapidly as y(t). Indeed h(t) and y(t) may look nearly alike except for a small delay in the former, until y(t) has nearly returned to zero. But then h(t) will be characterized by a long tail. This is because, just as it was difficult for tracer to leave blood and enter interstitial fluid, it is equally difficult for tracer that has entered interstitial fluid to return through the capillary walls into blood. It is, of course, the long tail that drags out h(t) so that its mean transit time is the same as that for a tracer to which the capillary is more permeable. Figure 1 suggests that the practical difficulty in using a tracer to which capillaries are poorly permeable is that unless the analytical method is sufficiently sensitive to distinguish the long tail from zero concentration, h(t) may be mistaken for y(t). Figure 1 also shows that one can tell the difference between a poorly-permeable and a readily-permeable tracer by comparing their simultaneously measured concentration-time curves at exit. Can we quantify the relative degree of capillary permeability ?
MEASUREMENT OF FRACTIONAL LOSS FROM CAPILLARIES
So far, the fraction of injected tracer that leaves blood and enters interstitial fluid has not appeared explicitly in any of our equations. Since the volume element dV E extends without interruption from vascular entrance to exit it is not possible to introduce the desired fraction explicitly unless the volume element is redefined to include it.
There are two ways of dividing the volume element. One way, which may be called transverse, considers the part of the volume element from vascular entrance to capillary as the first of a series of volume elements. This leads to a second volume element that either enters interstitial fluid and returns to capillaries or that continues from capillaries to exit. In the former ease there is then a third volume element leading from capillaries to exit with transit times that arc, in general, unlike tliose of the latter. The second way, which we shall follow, may be called longitudinal. Both transverse and longitudinal classifications lead ultimately to the same equations, as they must if no new assumptions enter their formulation.
Consider that a fraction a of the tracer enters interstitial fluid; that is, of the quantity. q, of tracer introduced into the vascular bed. a quantity aq is the total amount of tracer to enter interstitial fluid. We shall refer to a as the permeant fraction, a dimensionless number, and it is our purpose to determine a.
A fraction, (1 -a), never entered interstitial fluid; it behaved exactly like a tracer confined to plasma. Collect all elements of volume from entrance to exit occupied by the fraction (1 -a) . Let the frequency function of transit times through this volume, Y }) be y e (a,t). By analogy with equations 4 and 5 :
), where i(y s ) is mean transit time defined by the curve y s (a,t).
This leaves a part of the plasma volume unaccounted for. Call this volume Y t = V -V s . The frequency function of transit times through this part of plasma volume, Yl 7 from entrance to exit is yt(t), and the rest of the flow, a F, goes through V,. Therefore, dV x = a F t yi (<*,t) dt. Since dY = dV t + dV t , it follows that y(t) = oryi(o,t) + (1-«) y 2 («,t). (5) y(t), since it is the frequency function of transit times of plasma, is independent of a. y, and yt are, in general, functions of a, and we will discuss this after developing equation 6. Now consider V E , the volume described by a tracer distributed through extracellular fluid. There is an element of volume, dV !; which is the same as that for indicator particles confined to plasma. The rest of VB iŝ s = VB -Vt-The frequency function of transit times through V S} from entrance to exit is denned as follows:
All of the tracer particles travel from entrance to capillaries with the same transit time as those particles that will leave the system according to the frequency function  yi(a,t) . At the capillaries all of these tracer particles, a quantity aq, cross capillary walls, course through interstitial fluid, cross capillary walls again to enter the blood stream. The frequency function of transit times from capillary through interstitial space back to capillary is h t (a,t). All of the re-entrant tracer particles now continue with the same distribution of transit times from capillaries to exit as those particles described by y1(a,t) . The frequency function of transit times of this fraction a of injected, tracer is the convolution of the frequency function y i (a,t) upon the frequency function h t (a,t), or ft yi ) hiCr) d r = yi (t) *h^t), Jo where, for convenience in writing, we omit a from now on as an independent variable for y,, ys and h t .
Therefore, dV 3 = a F t y a (t) * h j (t) dt and h(«,t) = a yi(t) *hi(t) + (1-a)y 2 (t). (6) Now let us see why y, and y t are functions of a. There are several reasons. First, all capillariesdon't carry the same flow, nor do they have identical permeability. As a increases there may be relatively greater movement across some capillary walls than across others. Second, velocity of plasma or of blood may not be uniform over the cross section of a capillary. If, for small a, transcapillary movement takes place only from streamlines nearest the capillary wall, in which velocity may be slow, then, as a increases, the mean ye(a,t) . IE the fraction a represents the proportion of particles that move across capillaries uniformly from every streamline and from every capillary and if there are no arteriovenous anastomoses then y -y i = ys, all are independent of a and the modal transit time is not displaced ( fig. 10) .
What is necessary for determining ai One solution is suggested by examining the mean transit times of the functions y(t) and h(a,t). From equations 5 and 6 t(y) = at(y,). + (1-«) t(y 2 ) t(h)-= a t(h,) + t(y), where l(y) is the mean transit time of y, etc.
The difference between l(h) and t(y) is the mean transit time through interstitial fluid, l-i -Yi/J P , a constant independent of a. The equations above give t(h) -t(y) = a KhJ, and, since this equals Vi/J? t a = V,/Pl(h1). (7) Equation 7 is the simplest instruction for finding a. In addition to measuring h(t) and y(t), so that h can be calculated, the experimenter must also measure lij(t) in order to find l(li i ). Strictly speaking, measurement of h t (t) requires that the investigator collect all capillaries, inject into the arteriolar ends of all capillaries simultaneously, sample from all capillaries simultaneously only those particles that have passed into interstitial fluid and returned. This appears to be impossible. It may be approximated in some eases, however, by sampling extravascular, extracellular fluid if the rate at which tracer is dispersed within the extravascular fluid is rapid compared to the rate at which it crosses capillary walls. This statement does not refer to the net forward velocity of a single particle, but to the change in number of particles with time in any arbitrary small unit of volume in extravascular space compared to the change in total number of particles in the total extravascular space. Access to the extravascular side of the capillary, and estimate of h^t), may be possible in the case of the aqueous humor, the pulmonary alveoli and in large collections of transudates.
It is important to remember that although the indicator used to determine y(t) is truly a tracer of the frequency function of transit times of some major component of blood, say of plasma water, the tracer used to determine h(t) is a tracer of plasma water only while it is confined to plasma and it is not a tracer of extracellular water. The frequency function of transit times of extracellular water, if such could be measured, is, in general, different from h(t). An indicator is only a tracer of a substance if it behaves just like it everywhere. In this case an indicator whose capillary permeability was that of water would trace extracellular water, but then the indicator must not be able to enter cells or it would trace a substance distributed in a volume greater than extracellular space. Such an indicator is unknown.
CAN CAPILLARY PERMEABILITY BE QUAN-TIFIED IF FREQUENCY FUNCTION OF TRANSIT TIMES THROUGH INTER-STITIAL SPACE CANNOT BE DETERMINED?
The answer to this question is that the equations given cannot be solved for a if h1(t) is not measured. This does not mean that a cannot be measured in some other way, to be considered later. Formally, a is indeterminate if h, (t) is not measured, simply because there are too many unknowns for too few equations relating them.
It does no good to assume a well-mixed compartmental system at this point. For example, if it is supposed that the laws of diffusion govern transeapillary movement and that all delays and distributions except those across capillaries are negligible, then But this adds no new information since it is really just a special case of equation 7. When it is solved for i(h) it yields only i(h) = a/li, which is equation 7. 
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Frequency function of transit times. y(t) is frequency function of transit times of material confined to plasma. h(t) is that of material leaving plasma and re-entering. Permeant fraction, a, is held constant. Mean transit time through interstitial fluid t(h]) is increased lokile that through plasma, t(y), is constant. As t(h : ) increases, h(t) crosses y(t), shown by arrows, progressively later. Numbers are ratios of t(y) : i^).
strictioiis that may reasonably be expected in biological systems. If transit times through interstitial space are long compared to transit times through plasma, then the following case may be approached: If all tracer restricted to plasma left the system before any tracer that had entered interstitial fluid and returned to plasma was able to leave the system, then the frequency function of transit times would be made of two separate curves. The first'of these curves to appear would have an area (1 -a) , for it would describe the transit times only of tracer that never left the vasciilar bed. The second curve woaid have area a for it would describe only tracer that had left the vascular bed and returned.
In general we should not expect so extreme a separation of transit times but we might anticipate that the frequency function : of transit times for tracer leaving and re-entering plasma would have a long tail and the area of the tail might very nearly-represent the fraction of tracer that, having been detained by its long detour through interstitial space, re-entered the vascular bed. Figure 2 illustrates that, for a given a. and y (t), as 'l(h i ) is increased h(t) crosses OVQT y(t) progressively later; that is, the portion of h(t) between onset and crossover point on y(t) looks more and more like tlie term (1 -a)y! S (t}, and the more nearly will the remainder of h(t) look like the term a y t (t) * h1(t). Therefore, since the larger i(hi) the more nearly will the tail of h(t) have area a.
However, it would be unwise to 'rely on the area of the tail of the curve for Several obvious practical' reasons. Fortunately we need not do so Because, since the area under the complete curves of y(t) and oi h(t) is unity, the area between y(t) and h(f) up to the crossover point is exactly the same as the area'between h(t) and y(t) beyond the crossover •point. Let us, therefore, examine the area between the frequency func(,iphs. Prom equations 5 and 6, the integrated difference between y(t) and h(t) is stitial fluid is not long, as illustrated in figure  4 for the unlikely case in which I for interstitial fluid equals that for plasma, then the maximum difference is a only for small values of a. Figure 3 suggests that the maximum difference may serve to measure a in real biological systems, since the ratios of ?'s in this illustration is less than the ratio of plasma to interstitial volume. Figure 1 (A and B) illustrate that if a shifts the modal transit time, for a given a, y(t) will be crossed at a different point by h(t). If the mode is shifted to the left, i.e., if transcapillary movement is from increasingly faster streamlines, for example, then ifh j ) need not be as great compared to i(yi) to give a satisfactory solution for a. However, if the mode is shifted to the right, the ratio From equation 8, the integrated difference equals a, if it does so at all, at a time when the integral on the right hand side equals unity. Since we deal only with frequency functions, this occurs if the function y2 has returned to zero before the function y t * h t has risen from zero. The more slowly h, rises from zero and the more rapidly y i returns to zero, the more will the integrated difference approach a.
Because interstitial volume is several times plasma volume and because velocity through interstitial space is apt to be less than through plasma, the mean transit time through interstitial space ought to be much longer than the mean time through plasma only.
In figure 3 are simulated the differences between the cumulative frequency function of a plasma tracer and the cumulative frequency function of an extracellular tracer for different values of a. For the case in which I through interstitial fluid is long compared to that through plasma, the maximum difference is exactly or very nearly a. Even for a ~ 0.9, which may be the case only for certain gases, the maximum difference in this example is within 7% of a. However, if i through interifh j ) :l(y i ) needs to be greater than illustrated in figure 3 to give as precise a solution.
The curves illustrated in figure 1 , drawn by an analog computer, resemble those reported by Chinard, Enns and Nolan. 2 In the latter case, in living systems, examples occur of modal shifts both to right and to left and of no modal shifts, that is, it is true that y x and y2 are functions of a. I am indebted to Dr. Chinard for discussions of their data and for his generosity in making them available to me. Although it is possible to analyze some of their data by the graphic method proposed here, there is no independent determination of a against which the solution can be checked. For example, from the data of Chinard and Enns 7 (their fig. 4 From data of Chinard, Enns and Nolan 2 in which concentrations were measured in renal venous blood following renal arterial injection in the dog, the fraction of creatinine crossing capillary walls is about 40%. If urinary creatinine is all creatinine that crossed glomerular capillaries, since 30% of the creatinine appeared in the urine, then the remaining 10% represents creatinine that moved back and forth across peritubular capillaries.
The analysis proposed here ignores recirculation. It is assumed that reeireulation can be recognized and that its presence can be handled by one or another of methods used to treat indicator-dilution curves. 8 An interesting dividend of this method, which is independent of measurement of the tail, is that a can be estimated even for those substances that do not return, completely to the vascular bed. For such a tracer the area between its frequency function and that of a plasma tracer will be a up to the crossover point even though the area is less than a after the crossover point. The maximum difference between cumulative frequency functions therefore remains a likely measure of a.
Summary
For indicators or tracers injected into the vascular system and sampled at some other portion of the vascular system, the indicator dilution curve supplies a measure of blood or plasma flow through the system even if the indicator is not confined to the blood vessels, providing only that it eventually all return to the circulation prior to the sampling site.
Mean transit time of the indicator through the system multiplied by the measured flow determines the volume through which the indicator is distributed. This volume is independent of capillary permeability to the indicator if the indicator enters interstitial fluid at all.
Of indicator coursing through the vascular system, the fraction crossing capillaries into interstitial fluid is inversely proportional to the mean transit time of the indicator across capillaries, through interstitial fluid and back Circulation Research, Volume XII, May 1963 into capillaries. The constant of proportionality is the ratio of interstitial fluid volume to plasma flow through the system.
The fraction of a substance crossing capillary walls and returning can be calculated if the frequency function of transit tinies into, through and out of interstitial fluid can be measured. The equations cannot be solved if this frequency function is not measured.
However, because this frequency function falls to zero much more slowly than other frequency functions through which tracer concentration is apt to be convoluted, capillary permeability may be estimated graphically. The graphic estimate applies even to substances that do not return completely to the vascular bed.
